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We explore the available parameter space of the minimal vectorial Standard Model. In this theory, 
the gauge currents are initially vectorial but the Higgs sector produces chiral mass eigenstates, 
leading to a set of heavy right-handed mirror particles. We describe the phenomenology of the 
residual parameter space and suggest that the model will be readily tested at the LHC. 



1. INTRODUCTION 

QCD and QED are vectorial gauge theories - the gauge 
currents are the same for left-handed and right-handed 
fermions. However the weak SU{2) currents (and the 
original U{1) of hypercharge) are chiral with an asym- 
metry between left and right-handed fields. The SU{2) 
interaction is maximally asymmetric, coupling to only 
left-handed fields. However, it is not just that Nature 
favors left-handed fields because the hypercharge gauge 
theory carries a complicated mixture of left and right 
couplings, which conspire to make QED vectorial after 
symmetry breaking. One has to wonder about the fun- 
damental origin of this unusual asymmetry in handedness 

a. 

Actually there is a variation of the Standard Model 
that has only vectorial gauge currents. This is not the 
SU{2)l X SUJ2)r model with separate left and right 
gauge bosons 2]. Rather the vectorial Standard Model 
has only the usual set of SU{2) x U{1) gauge bosons, 
and all of these couple vectorially to all fermions. It is 
the Higgs sector which introduces chirality and separates 
left fields from right. To see how this works, consider an 
SU{2) doublet field and a pair of singlets. 

The quantum number assignments are the same for both 
the L,R components, resulting in vectorial gauge cur- 
rents. However a Higgs doublet will automatically couple 
the left-handed components of a doublet to right-handed 
components of a singlet, and the reverse^. If the Higgs 
couplings are different for these cases, the chiralities will 
be split after the Higgs picks up a vacuum expectation 
value. In particular the four vector fields a, 6, c, / will 
be split into four chiral fields, which we can call u, d, U, D 
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which are mass eigenstates with composition 

u ~ iaL,CR) 

U iaR,CL) 

d - {bLjR) 

D - {bRjL). (2) 

In this case, u, d will have left-handed weak interactions 
and U, D will have right-handed ones. With the standard 
hypercharge assignments, QED will be vectorial for all 
fields. If the U, D are heavy enough they would not have 
been uncovered yet. 

This vectorial Standard Model was proposed in the 
lattice QCD literature [1, 0, H, H, Q- In that case it is 
valuable because of the difficulty of defining chiral gauge 
theories on a lattice [1]. Having a vector gauge theory 
avoids this trouble and one then subsequently splits the 
fermions to produce the usual Standard Model. This in 
itself is a motivation for this variation of the Standard 
Model. Our best candidate for a full non-perturbative 
regularization of a field theory is the lattice, and if there 
is a fundamental obstacle to chiral gauge theories on a 
lattice this may turn out to be a more general obsta- 
cle with other non-perturbative regularization schemes. 
Moreover, one can imagine many ways that gauge theo- 
ries emerge from some discrete underlying theory - these 
would likely share the lattice obstacle. The Higgs sector 
is much less understood and it could arguably be more 
plausible to have the chiral asymmetry in the Higgs sec- 
tor. 

Independent of the favored motivation, the minimal 
vectorial Standard Model is a construction of some 
beauty, and it deserves to be tested experimentally. It is 
clear that we need to make the mirror fields heavy - this 
is not a problem on its own. However, having heavy chi- 
ral fields coupled to the weak currents leads to problems 
with the precision electoweak observables, in partic- 
ular the S,T parameters^. Nevertheless, there is still 
a region of parameter space that satisfies all these con- 
straints - we will explore this below. The allowed region 
of the parameter space is rather small, so that the model 
is highly fine-tuned. However when considering further 
testing of the model this is an advantage - the allowed 
masses are well constrained. This implies that the model 
should be quickly confirmed or ruled out at the LHC. 
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A crucial caveat is that we are exploring this model 
perturbatively. However, the Yukawa couplings of the 
mirror fermions are quite large and one has to worry 
that either higher orders in perturbation theory or non- 
pertubative effects will modify the standard calculations. 
At present we have very little idea of the impact of pos- 
sible non-perturbative effects. 

In Section 2 we explore the model more fully using a 
variant with two Higgs doublets. The electroweak observ- 
ables are studied in Sec. 3, which identifies the allowed 
mass ranges. Possible applications to baryogenesis is ex- 
plored in Sec. 4, with mostly negative conclusions. The 
use of the mirror leptons as dark matter is describe in 
Sec. 5, with a favorable result if the possible Majorana 
masses are adjusted appropriately. Finally we discuss the 
prospects for testing this model at the LHC in Sec. 6, 
with mostly favorable conclusions. A summary and two 
appendices complete the manuscript. 

2. THE MODEL 

The model has three SU (2) doublets of quarks 

together with singlets Cq, and /„. There are also three 
generations of leptons constructed in a similar fashion. 
The matter Lagrangian is given by 

Cm = ilpaPi>a + iCapCa + ifaPfa , (4) 

where 

Df^Ca, - (a^ + ^5lr=S^/2) c„ , 

D^^U = (9;. + igir-^Bp/2) , (5) 

and sums over the Greek indices are implicit. In order 
to avoid too many new names, we will use the symbols 
(a, 6, c, /) for leptons as well as quarks. The hypercharge 
assignments are standard and will be stated below once 
we identify the mass eigenstates. 

Higgs sector 

It is possible to construct the model with a single Higgs 
doublet. However, the electroweak precession data, as 
we will see in the next section, requires additional new 
physics contributions beyond that of a single Higgs dou- 
blet. The minimal version of such an extension is to 
invoke two-Higgs-doublets [l^l 

Ch = i?p$i-D^$i + -D^$2-D^$2 - ^($1, $2) , (6) 
where 

^p*i,2 = (d,, + ig2T ■ WJ2 + $1,2 , (7) 



and V is the self-interaction potential 

l/($i,$2)= - A^?$I$l-M2*2*2 + Y 

+ Y (*l*2)' + hi ($1*2) 

+ h2 ($^$2) 

+ (^($1*2)' + . (8) 

The parameters /i-i , /Li2 , Ai , A2 , /ii , /i2 , and /14 are 
taken to be real and are chosen such that the potential 
is bounded from below. The Higgs spectrum consists of 
two charged H±, CP even and i?o, and CP odd Aq 
fields. 

The fermions couple to the two Higgs doublets through 
Yukawa terms that are invariant under SU(2)xU(l) 

- Tlli^c.R^2C0L - r2^^„fl$2//3L + h.C. .(9) 

The terms (|8|) and ((9]) are invariant under a discrete sym- 
metry of the form 

$1 — > $1 , $2 — > -$2 

'IpR, IpL > -V'L 

cr — > -cr , cl — > -cl 

fR -^-fR, h^-fL- (10) 

which prevents the mixing between $1 and <I>2, and in 
the same time suppresses flavor changing neutral current 
(FCNC). In fact, there are 14 possible discrete symme- 
tries which are possible for this model, and which could 
impact the properties of the fcrmion mass terms. These 
are described in Appendix A. 

After spontaneously breaking the SU(2) symmetry, the 
Higgs flelds acquire VEVs 

which preserve the U{1) gauge symmetry. 

Mass spectrum from the Higgs sector 

First consider the spectrum without direct mass terms. 
This can be arranged by a discrete symmetry - see Ap- 
pendix A. In this case we emerge with the usual left 
handed particles and a mirror set with right handed cou- 
plings. 

The Yukawa-coupling matrices may be diagonalized by 
bi-unitary transformations 

aR = VrUr , UL = Vlul 

bR = XrDr , bL = XliIl 

Cr = Srur, Cl = SlUl 

fR = WrcIr , fL = WlDl , (12) 
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quarks Tn, TmS 


leptons Ttu Tms 


ag,UgL,UgL l/2 l/2 l/3 

K,dqL,DqL 1/2 -1/2 1/3 

Cq,UqR,UqR 4/3 
fq,dgR,DgR -2/3 


ai,uiL,UiL 1/2 1/2 -1 
b,,d,L,D,L 1/2 -1/2 -1 
ci,uiR,UiR 
.fi,diR,DiR 0-2 



TABLE I: 5*17(2) x [/(I) assignments for the SM and mirror 
particles. 



where ul,b. {Ul,r) and dL,R {Dl,r) denote the 3x1 col- 
umn matrices with the chiral components of the fermion 
mass eigenstates of the physical Standard Model (mirror) 
fermions. The 3x3 unitary matrices V , X, S, W are 
chosen to bi-diagonalize the physical mass matrices Mj_, 
Mu, Md and Mu 



M^ = viVIt^''SrI2 



Md=viXlT^fWR/2 



Mu = V2e-'''^VlT^''SL/2 Md = V2e-''^^X]^T'^fWL/2 . 

(13) 

If W2 >> fi, then our choice for the Yukawa Lagrangian 
can explain why the mirror masses are naturally heav- 
ier than the SM ones. 

The charges of these particles are given by Q^i — 
Yu, /2 + Tu,3 , where Tu,3 denotes the third component of 
the weak isospin, and Yw is the corresponding hyper- 
charge (see table Q for the weak isospin and hypercharge 
assignments.) 

The charged current interaction is 



C 



w 



92 

2sf2 

D7,F^'^™(1-75)C/] 



W^-^[J7mV^™(H-75)^ 

h.c. , (14) 



where 



V 



CKM 



V 



M CKM 



(15) 



are Cabibbo-Kobayashi-Maskawa matrices for the SM 
and mirror fermions, respectively. The electromagnetic 
and weak neutral currents are standard, with the obvious 
change that the neutral current of the mirrors involves 
their right handed components rather than left. 



Appendix A allow only 



(17) 



In principle the scale of these mass terms could take on 
any value. However, we will treat these masses as smaller 
than the Higgs generated masses - this is required if the 
observed quarks have dominantly left-handed weak in- 
teractions. Since the SU{2) interaction is still weakly 
coupled at this scale, one might expect that the masses 
could scale as ve~^'^ ~ 10"^^ eV, although wc will 
not make any specific assumption about that mass scale 
in this work. 

Using the bi-unitary transformations in Eq. ((T2)) can 
provide a further diagonalization of the masses in order 
to obtain 

>Cbaro,c/ = -\UKI (1 - 75) W - ^DK2 (1 + 75) ^ + h.C. , 



-'bare,!/' 



where 



^UKs (1 + 75) u - ^DKi (1 - 75) d + h.c. 



(18) 



K3 



- Si 
At 



,Sr, K2^WlmfWL 



(19) 



The effect of the mixing Lagrangian above ^TE\\ is that 
it leads to mixing of the chiral eigenstates of the generic 
form 



^phys 



■U 



(20) 



to first order. If such mixing exists, this will allow the 
decays of mirror matter into normal matter. If the scale 
of the mass terms is 10~^^ eV, the mixing between nor- 
mal and mirror fields will be extremely tiny, of the order 
dmix ^ 10^^". This would make the mirrors essentially 
stable. 



Majorana mass terms 



Mixing via direct mass terms 

In addition to the Yukawa couplings in ([9]) , we can also 
introduce bare mass terms that are invariant under the 
SU(2) symmetry. While some discrete symmetries forbid 
these terms, there are others that allow specific combi- 
nations. For example, the mass terms that are allowed 
by the discrete symmetries which are called SI, S2, S4 or 
S5 given in Table ([Hi in Appendix A takes the form 

^bare,cf ^ca^a^a ^ fa fa fa ■ (-^^) 

However a different mass structure is possible under dif- 
ferent discrete symmetries. Those labeled S3 or S6 in 



In addition to the Dirac mass terms, the neutrinos can 
also have Majorana mass terms. The Majorana mass 
terms that are invariant under the SU{2) x C/(l) symme- 
try may be written 

^Majorana = -c'l^C^^ M'^CR + -c[C^^MuCL + h.C. , 

(21) 

where C is the charge conjugation operator, and M'^ and 
M^ are 3x3 matrices. Using the bi-unitary transforma- 
tion p^ . we find 

^Majorana = ^'^IC^' M^rJ^R + ^NIC'^ Mf Nl + h.C. , 

(22) 
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where 

= SIm^Sl , = S];M'^Sr . (23) 

At this point, one can combine direct, Dirac and Ma- 
jorana mass terms 



1^1 v-R Nl Nr 



and 













K3 ' 






Nr 








Ki 














Ki 


Mf 


ME 




Nl 




^3 












.Nr. 



where Mjj denotes the Dirac mass matrix. We obtain the 
usual seesaw mechanism we consider for the left-handed 
neutrino in the limit Mr >> Mjj, which has the poten- 
tial to explain the smallness of the SM neutrino mass. 
For the mirror N, we would favor Ai^ < Md so that 
the neutral mirror is not too light. 

Note that the gauge singlet neutral particles will also 
mix with heavier singlet particles. In the usual version 
of the Standard Model, one invokes extra singlets out- 
side of the SM in order to implement the seesaw mech- 
anism. These extra singlets are often given large masses 
~ 10^" GeV which produces neutrino masses of the right 
size if the Dirac masses are also comparable to those of 
the charged leptons. This option is available in the vec- 
torial SM also. However, one need not go outside of the 
vectorial SM fields to implement the seesaw mechanism. 
On the other hand, there does not appear to be a natural 
explanation of the sizes of the Majorana masses needed 
in this context. 



jj Nc f {Xi +X2) {Xi - X2)'^ 

- 2 3 



{xi~X2f (xl+xl) 



6 



, ^1 ~ 1 

+ — 7. — J[Xl,Xi 



2{xi - X2) 



-t- 



6 " ■ 6 

1 Xl + X2 {Xl - 3:2)^ 

3 



6 



6 



ln(xi/x2) 
/(a;2,a;2) 

f{xi,X2) 



(27) 



(24) 



where Xi = {Mi/MzY with i = 1,2 and the color factor 
iV^ 3(1) for quarks (leptons). We assign (Mi, M2) < — > 
{Mn,Me) for leptons and (Afi,M2) < — > {Mu,Md) for 
quarks, and we have Y = 1/3 (—1) for quarks (leptons). 
The functions F{xi, X2), G{x) and /(xi, X2) are given by 



F{xi,X2) 



Xl + X2 



X1X2 
Xl - X2 



ln(a;i/a;2) , 



G{x) = — 4\/ 4x — 1 arctan 



1 



V4a;- 1 



(28) 



and f{xi,X2) = 



arctan 



Xl— 3:2 + 1 

Va 





arctan '■ 



Va 



, A > 

,A = 
, A < 



(29) 



where A = 2{xi + X2) — {xi — X2)'^ — 1. In the limit 
Ml 2 >> M"^ the S parameter approximates to 



3. FITTING THE ELECTROWEAK PRECISION 
DATA WITH MIRROR PARTICLES AND TWO 
HIGGS DOUBLETS 

The oblique corrections, parameterized in terms of 
the S, T and U parameters, are extracted from the 
electroweak precision data, and used to constraint new 
physics beyond the Standard Model 0]. The one- loop 
fermionic and two-Higgs doublet contributions to these 
parameters are given in [ll|, [l2| . The fermionic contri- 
butions to the S parameter are generically quite large if 
the fermions all have equal masses. This will require a 
specific hierarchy in the masses in order to be compatible 
with the data. The one-loop fermionic contributions to 
the S, T, U parameters are given by 

Sf ^ ^{2{2Y + ?,)xi+2[^2Y + Z)x2-Y\n[xi/X2) 

DTT 



[(3/2 + y)xi +r/2]G(xi) 
[(3/2-y)x2-F/2]G(x2)} , 



Nr. 



87rsin2( 



F(xi,X2) , 



(25) 



(26) 



5f « ^ 



Nr 
67r 



i-rin(^ 
M2 



1 + 4y 
20 



Mz 
Ml 



i-4y 
20 



Mz 
M2 



(30) 



which in turn reduces to Nc/6tt for small mass splitting. 
The most important feature of this model is that the 
equal-mass limit produces too large a contribution to the 
S parameter. This requires significant splitting in the 
fermion masses, as well as splitting in the Higgs sector. 

The contribution from the two Higgs doublet is more 
complicated and given in [T^ . An example of these to 



the T parameter in the limit Wniggs 



» M| 



H 



IGtt sin^(^?^)m^ 



{cos2(/3-a) F{m]j^,ml) 



+ F(mjj^,m\)-F{m\,ml) 



+ sm\fj-a)^F{ml^,mji) + F{ml^,i 
- Fim%ml)]} , 



(31) 
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FIG. 1: The contributions to the electroweak parameters is 
shown for a sample of 3000 randomly distributed models as 
described in the text. The violet region highlights those that 
satisfy the constraints with a light Higgs. The i7 = 0, 90% 
C.L. contours are shown assuming SM Higgs masses Mn = 
117, 340 and 1000 GeV. 



where tan/3 = | ($2) / ('i'l) |, and a is the rotation angle 
in the the ft,o — Hq space. Further, choosing a « /?, and 
considering the Higgs masses in the range nih ~ mu < < 
mH± << fTiA we obtain 



Th 



m 



167rsin {9w)myy 



1-ln 



'Hi. 



(32) 



The lepton contribution to S grows with an increasing 
rriN and with a decreasing ruE, while the quark contri- 
bution behaves in the opposite way, with smaller values 
of S correlated with lighter U quark masses. The pa- 
rameters T and U measure the weak-isospin violation in 
the SU(2) doublet and are non- vanishing for mjv 7^ tiie 
or mu ^ niY). The larger the split between the up and 
down components the larger their contributions to the T 
and U parameters. For the heavy right-handed neutrino 
iV, there is a firm lower botmd on the mass of 45 GeV 
from LEP constraints forbidding Z NN. If the N 
decays through mixing (to be discussed later) , LEPII 
constraints raise this lower bound to 100 GeV. However, 
this can be avoided if the N is stable or almost so. How- 
ever, one cannot satisfy the electroweak constraints sim- 
ply by splitting the masses of the heavy mirror particles. 
Canceling the S, T and U contribution from three gen- 
erations of mirror quarks and leptons requires additional 
new physics contributions, beyond that of a single Higgs 
doublet, to the oblique parameters. This can be achieved, 
for example, invoking two-Higgs doublets. 

Negative values for the S parameter can be achieved 
by splitting the up and down values of the mirror leptons 
and quark masses. This in turn will contribute large 
positive values for T, and relatively small positive values 



for U. A negative contribution to T as well as negligible 
effects on S and U in the Higgs sector can always be 
achieved by choosing the Higgs spectrum in the range 
nih ~ rriH << TnH± « ruA- If we take N to be the 
lightest mirror particle (LMP), then we find that starting 
with the initial values 



rriN 
niE — 4m AT 



mu — AniN 
niD — 3.2mjv 



(33) 



one can use a simple algorithm to fit the S, T, U pa- 
rameters to the experimental data. For simplicity, we 
have assumed the second and third families to have the 
same mass spectrum as the first family. Fig. [1] displays 
the allowed points in the S — T plane for comparison 
with the U — 0, 90% C.L. experimental bounds. Al- 
though the U > contours are not shown, variations 
in U mainly shift the S — T contour without affecting 
its shape and direction, and a larger positive U tends to 
diminish the allowed regions of positive S, T. The calcu- 
lations are based on a sample of 3000 models randomly 



distributed between 



^initial 



and 



^final 



^initial 



10 GeV. The initial values of the fermion masses are 
taken to be (mAr, to^;, toj/, mu) = (50,250,250,190) 
GeV, while the Higgs masses are (mh,mA,'rnH,mH±) = 
(125,900,130,580) GeV. In all these models we find 
0.3 < U < 0.4 which restricts the allowed models to those 
on the left edge of the violet region shown in figure. We 
have also used the special values (3 = a = ir/A. However, 
similar results are obtained for the case of ($2) 7^ 

Fig. [5] shows the effect the variation of the Higgs and 
mirror fermion masses has on the S, T, U parameters. 
While varying the mass of the Higgs almost does not alter 
the value of S, we find that it has a significant effect on 
T which is more evident in the case of tua and mH±- 
This is in accordance with the two-independent module 
algorithm discussed above. Using this algorithm, it is 
shown in Fig. [3] that one can accommodate a LMP as 
large as 260 GeV within the experimental constraints of 
the electroweak precession data. 

The existing parameter space of the model then always 
has the lightest mirror particle being the neutral iV, with 
a range of possibilities from 50 GeV < niN < 260 GeV. 
The lighter end of the range is easier to accommodate 
in the electroweak parameters. The charged mirror lep- 
tons E are always much heavier. In the quark sector, 
the mirror D is always the lightest. In the Higgs sector 
there is always a large splitting among the physical Higgs 
bosons, with the lightest being neutral, although there is 
a significant variation in the ordering and masses of the 
heavier Higgs. 



4. ELECTROWEAK BARYOGENESIS 

Two Higgs doublet models, treated generally, can ex- 
plain baryogenesis at the electroweak scale [ij, [H, [lB| ■ 
Here we study whether the mass constraints of the pre- 
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FIG. 2: The effect the variation of the Higgs (on the left) and mirror fermion (on the right) masses has on the S, T, U parameters. 
All curves intersect at {mh,mA,mH,mH±) ~ (125, 900, 130, 580) GeV and (mjv, mE,mu,mD) = (53, 250, 250, 190) GeV. 
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FIG. 3: The allowed region (in violet) in a sample of 3000 randomly distributed models (in light blue) between Tni^itial s-nd 
'^final = "^initial + 10 GeV. The initial values of the fermion and Higgs masses are taken to be: (a) (mjv, m_E, m[/, mu) = 
(100,580,580,320), {mh,mA,mH,mH±) = (120,4520,120,800) GeV , and (b) {ruN ,mE,mu ^mo) = (260,1500,1500,830) and 
{mh,mA,mH,mH±) = (115,9035, 120,2400) GeV. In both cases we find U ^ 0.4. 



vious section are compatible with baryogenesis. Our an- 
swer is negative. 

We start by considering the Higgs self potential given 
in (HJ. We take //^ = ^2 ^'^d Ai = A2 to simphfy the 
analysis. With this choice, the symmetry will break 
along the direction ($1) — {^2) — (0, i')"^/2, where 
V = Vmi/^ = 246 GeV is the tree level VEV, and 
A — (Ai + hi + h2 + 2/13) /4. However, we find that this 
choice does not change the conclusion we draw below. 
In appendix A, we work out the details for the elec- 
troweak baryogenesis in our vectorial version of the Stan- 
dard Model. 

For electroweak baryogenesis to work, it is necessary 
that the baryon-violating interactions induced by elec- 



troweak sphalerons be sufficiently slow immediately af- 
ter the phase transition to avoid the destruction of the 
baryons that have just been created. This condition is 
fulfilled if the ratio Vc{Tc)/Tc, the Higgs VEV to the crit- 
ical temperature at the time of transition, is greater than 
1. This ratio is a measure of the strength of the phase 
transition. 

In Fig. |4]we plot the contours of the ratio Vc{Tc)/Tc 
in the plane of ttia — mn = ttih± versus mh for one 
and three families of mirror particles. We apply a cut off 
for the parameter space that fails to satisfy the condi- 
tion M/Tc < 1.6 for which the high temperature expan- 
sion breaks down (see appendix A for details). Values of 
Vc(Tc)/Tc > 1 are represented by dark color, with green 
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FIG. 4: contours of constant Vc{Tc)/Tc. Dark regions represent the parameter space with Vc{Tc)/Tc > 1 and AI/Tc < 1.6, for 
which the high temperature expansion is trusted. Units are GeV for masses, and we take one (on the left) and three (on the 
right) families of mirror particles. We use rrit — 175 GeV for the top quark, and mjv = mE = mu — mr, — 100 GeV for mirror 
fermions. 
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FIG. 5: The allowed region (in violet) for a sample of 3000 
randomly distributed models (in light blue) using only one 
generation of mirror particles. All these models can lead to 
baryogenesis. However, only the points in red represent those 
that respect the electroweak precession data (we find that the 
models in violet have Q <U < 0.1). The C/ = 0, 90% C.L. 
contour is shown assuming SM Higgs masses Mh ~ 117 GeV. 



being < 1. 

Although there is a reasonable region of the param- 
eter space for which the electroweak baryogenesis can 
be realized, some of the parameters may spoil the elec- 
troweak precision data. This situation is displayed in 
Fig. [5] which is based on a sample of 3000 models of ran- 
domly distributed masses in the range 100 < mho 1^0, 
250 <mA < 300, 120 < tuh < 170, 190 < tuh^ < 240, 
along with one family of mirror particles (rig = 1) with 



50 < TUN < 100, 115 < TTiE < 165, 85 < mu < 135 
and 50 < mo < 100. The figure shows that many mod- 
els can lead to electroweak baryogenesis and yet respect 
the electroweak precision data. However, as we discussed 
in section 2, using three generations of mirror particles 
(rig = 3) puts strong constraints on the masses of the 
Higgs as well as mirror particles. Although moderate 
values of the latter may not have dramatic effects, we 
find that the large Higgs masses needed to adjust the T 
parameter spoils baryogenesis. 

5. DARK MATTER 

Mirror particles provide a very interesting possibility 
as dark matter candidates. Indeed the neutral lightest 
mirror particle (LMP) is one of these choices. In the 
following we take the mirror neutrino N to be the LMP. If 
the LMP decays too fast into normal quarks and leptons, 
then there is no connection of the mirror particles with 
dark matter. However, if the LMP is stable or long lived, 
then it can play the role of dark matter, especially in the 
context of Inelastic Dark Matter [Tel. ITtI [ist . 

In order to understand the lifetime constraints, con- 
sider the decay N — > fi~ e"*" which results due to the 
mixing terms in (jl8[) . This process can be expressed in 
terms of the mixing angles 9i^2m 

N = 7V'cos(6li™) -f zy'sin(6li™), 

E = £;'cos(02m) + e'sin(02m). (34) 

Neglecting m^, me, and m^ compared to mj^, and as- 
suming 01 „j « m < < 1 we obtain the life time 
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This life time can be used to set bounds on 9m- A first 
bound comes from the LEP data. If the masses of the N 
particles are between 50 GeV and 100 GeV, they would 
have been discovered at LEPII if they decayed through 
the weak interactions to normal matter. However, if they 
were effectively stable, this bound does not apply. If we 
consider heavy neutrino pair production e+ — > N N 
at a CM energy 200 GeV we find that the N will live 
long enough to exit the detector if 0™ < 10^^. The 
other bound comes from considering N a dark matter 
candidate. Assuming these particles were created early 
in the Universe, and they do not decay until now wc find 

The relic abundances of the mirrors is not readily pre- 
dicted. Since as we saw in the last section, we need a form 
of leptogenesis or baryogenesis in order to understand 
the baryon asymmetry, the same mechanism would be 
expected to produce a net asymmetry in the mirror sec- 
tor. A leptogenesis scenario could lead to a non-zero net 
value of the mirror lepton quantum number. However, 
the magnitude of that asymmetry is unknown because it 
relies on CP violating and lepton number violating pa- 
rameters of the underlying theory. 

The mirror particles are weakly interacting, and hence 
are candidates for WIMPs. However, the standard weak 
cross section of a heavy neutral particle initially appears 
too large. The effective scattering cross section of an 
SU(2) neutral mirror fcrmion ipm, through Z'^ exchange 
with a nucleon, is given by [T9| 

'-P,n = 4^(^)'(<?^'5r) (36) 

where fj,p „ is the reduced mass of the ^/''"-nucleon and 
gP = 2g« + gi and g^ = + 2gi The couplings of the 
various components are g^^^^ = 1/2, gP = 1/4 — sin^ 9w, 
and = —1/4. Hence the cross sections is 

q2 

a = -^fil « 7.44 X IQ-^^cTO^ (37) 

ZTT 

where Gp is the Fermi constant, and /i„ « 0.939 GeV 
is the neutron-Dark matter reduced mass assuming that 
the latter is much larger than the former. 

This standard weak cross section is large and has been 
excluded by many of the dark matter direct-search exper- 
iments Hke CDMS and XENON. However, the situation 
can be rescued by the observation that a Majorana mass 
for the heavy neutral N splits the mass eigenstates and 
decreases the elastic cross section - this observation is the 
basis for the theory of Inelastic Dark Matter p^. [itL ITsII . 
The Dirac fermion is split into a pair of Majorana states 
by a small Majorana mass. Because the weak scattering 
off of nuclei involves a tansition from one Majorana state 
to another, as the Majorana mass term increases there 
exists an increasing energy threshold for the scattering 
to occur. Dark matter in the galactic halo nay not have 
enough energy to overcome this threshold. 

At this stage, the appropriate parameters depends on 
whether we accept the results of the DAMA/Nal and 



DAM A/LIBRA experiments as a signal of dark matter 
or not. These experiments observe an annual modulation 
signal in their detectors and the validity of this signal as 
a sign of dark matter is still controversial. If we do not 
accept the DAM A results, then we can reduce the mirror 
dark matter cross section to acceptable values simply by 
choosing the mirror Majorana mass > 150 keV. 

However the situation is more complicated if we do 
consider the DAMA results as valid signals of dark mat- 
ter. The Inelastic Dark Matter picture has the possibil- 
ity of explaining the annual modification if the Majorana 
mass is chosen such that the threshold effects vary over 
the time of the year due to the Earth's motion through 
the dark matter cloud. This effect depends also on the 
relic density and the mass of the Dark Matter candi- 
date, as well as the basic cross section. Recent analyses 
show that in general higher masses and lower 
intrinsic cross sections are generally preferred. However, 
there is a window where the LMP has a mass around 
70 GeV where the weak cross-section of Eq. ([57]) is al- 
lowed, so that the mirror model is also marginally able 
to explain this result also. 

In summary, there are portions of vectorial SM param- 
eter space which are plausible for the use of the lightest 
mirror particle as the Dark Matter candidate. 



6. LHC PHENOMENOLOGY 

There exists many phenomenological studies that are 
relevant for the vectorial version of the Standard Model. 
The key feature of the model is that it contains 3 genera- 
tions of mirror particles. The constraints of the precision 
electroweak parameters force the masses for these parti- 
cles to be in a rather small corner of parameter space. 
Most importantly, this corner contains a light N particle 
- the neutral lepton which acts as a right handed partner 
of the neutrinos - and also a light D quark - this particle 
being the mirror of the down quark. 

There is a basic dichotomy in the search strategies de- 
pending on whether the mirrors mix with the regular 
quarks and leptons or not. If the mirrors are stable, or 
so long lived that they appear stable in accelerator-based 
experiments, the searches will be same as those for any 
stable new particle. On the other hand, if the mixing 
with the normal particles is such that the mirrors decay 
in the detector, they will be searched for by studying 
their decay products. 

Search strategies for new stable particles have been 
extensively studied for the LHC Basically, the con- 
clusion is that the LHC will readily be able to see mirror 
particles with these masses and couplings. Already the 
Tevatron is getting close to probing this parameter space 
(2l| . The lightest mirror quark is the D and it will be 
pair produced with a strong interaction cross section. It 
will primarily form bound states Du and Dd. Heavy 
quark symmetry suggest that the relative masses would 
be similar to that of the _B„, Bd system such that the 



9 




FIG. 6: Decay channels of the leptonic mirror particles which proceed through mixing with the regular leptons. The circle 
represents a mass mixing insertion from (|18|l . 



neutral state would be slightly heavier (due primarily to 
the d ~ u mass difference) with both states being sta- 
ble. The charged state makes a particularly good signal, 
producing a visible track which exits the detector. The 
lightest mirror lepton is the neutral N. ft is produced 
in pairs through the Z N + N coupling. The charged 
current coupling through W ^ N + E, with the sub- 
sequent decay E ^ N + W will also populate the NN 
final state but a higher energy threshold. The charged 
lepton can be pair produced electromagnetically, E^E~ , 
with subsequent decay down to the neutral states. All of 
these cases would be seen in the missing energy searches. 

The phenomenology for new mirror particles that mix 
with the normal particles is similar to that of a 4th gener- 
ation. The fact that the mirrors have right handed weak 
couplings is less important than the uncertainties in the 
masses of the new particles. A recent overview is pro- 
vided by [2^ and many further references can be found 
in [2^. The leptonic decay channels will be relatively 
clean - the important diagrams are shown in Fig. [51 The 
mass insertions from Eq (jlSp provide the equivalent of 
CKM mixing factors - however, there is also mixing in 
the neutral current sector as is evidenced by the N de- 
cay diagram. For N decay, the Z'^ will be off-shell for 
the lower end of the favored N mass range, but it will 
produce an on-shell Z° at higher masses. The di-lepton 
plus missing energy signal will be particularly striking. 
For E decay, the Z or W will always be on-shell. For 
mirror quark decays, the signals will be the same as the 
decay of a heavy fourth generation b' quark. 



7. SUMMARY 

We have explored the remaining parameter space of the 
minimal vectorial version of the Standard Model. This 
construction initially has only vectorial gauge currents, 
but the Higgs sector introduces differences in the chiral 
structure. The model has to be fine-tuned in order to 
satisfy the precision electroweak constraints. However, 
there is still available parameter space consistent with 
experiment. The constraints from electroweak physics 
constrain the model and make it easier to understand the 
remaining physics, which otherwise would be clouded by 
a wide range of parameters. In particular, we saw that 
the model is not able to explain weak-scale baryogene- 



sis, but can be a potential dark matter candidate if the 
Majorana mass terms are appropriate. 

The model will be well tested at the LHC. Our anal- 
ysis indicates that the model must have a light neutral 
lepton N and a light mirror quark D. These results are 
shown in Sec 3. There are also additional physical Higgs 
bosons. The masses of all these particles should be read- 
ily probed by the LHC. Indeed, the fermion states in 
particular should be found in the early operation of the 
LHC. This model may be the first one confirmed or ruled 
out by the LHC. 
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APPENDIX A: DISCRETE SYMMETRIES OF 
THE MODEL 

In table (|ll]) we display the different discrete groups 
that are respected by the Higgs and Yukawa Lagrangian, 
along with the bare mass terms allowed by each group 
(see the section about mixing terms). It is not difficult 
to see that the set of the discrete groups, SI to S14, form 
a group Q. The groups SI to S6 prevent the mixing of $1 
and $2, but allow for some bare mass terms. In contrast, 
S7 to SIO kill all bare mass terms, however they do not 
prevent the mixing. Finally, the groups SIX to S14 are 
trivial in the sense that they do not prevent the mixing 
nor they eliminate any of the possible bare masses. No- 
tice also that the set { Sll, S12, S13, S14} is a proper 
subgroup of Q. 
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- 


+ 


CR 


- 


+ 
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cl 
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+ 


fR 




+ 


+ 




+ 






+ 




+ 




+ 




+ 


fL 




+ 






+ 


+ 


+ 




+ 






+ 




+ 


bare m 




c,f 




c,f 


c,f 




non 


non 


non 


non 


c,f,?/i 









TABLE II: The different discrete groups under which (|8]) and (|9]) are invariant. The last row displays the bare mass terms 
allowed by each group. 



APPENDIX B: PHASE TRANSITION 
CALCULATIONS 

In this appendix we work out the details of the phase 
transition in the presence of two Higgs doublet as well as 
mirror particles [13, [3] ■ 



Higgs Spectrum 

To study the Higgs mass spectrum, we first write $i 
and $2 as 



$1 



^"2 = ^ 



1 ( 4'5 + iijJe 



(Bl) 



Next, we define the charged and neutral Goldstone 
bosons and G*', and the charged and neutral fields 
H"^ and 



± 



1 I ^ ^( cos/3 -sin/3 j [ G 
^ j \ sin/3 cos/3 j \ 



Xi 



cos /3 — sin /3 \ / Go 
sin/3 cos/3 / \ 



(B2) 



where 4>i2 = ('/*i^2)^- The mass matrix is given by My — 
d^djV{^[,^2)Wl^={^,^^)- Substituting JHU into ^ we 
obtain 

m\ = -fif + -{hi + h2 - Ghs + Xi)v'^ , 



-^J^l + -{-hl + h2-2h:i + X^)v'^ (B3) 



and 



2 ^ / Ml, 
"-"^ I MI2 



(B4) 



where 



Mil = MI2 = -f-i^ + -(3Ai +hi+h2 + 2h3X , 

MI2 - ^{hi + h2 + 2h3)v\ (B5) 

The eigenvalues of M^j^^^^ determine the mass of the CP- 
even fields {ho,Ho) 



ml = -fii + -{hi + h2 + 2h3 + Xi)v^ , 
m]j = -Ai?-i(/ii + /i2 + 2/i3-3Ai)w2, (B6) 
with rotation angle a = 7r/4 in the 771 — 772 plane. 



Loop corrections and ring diagrams 

By construction, we take mh to be the lightest Higgs 
boson, while other heavy Higgs bosons as well as fermions 
run in loops of h. To this end we take $1 = (|>2 = 
(0, (j)f /2 in © to find 



(B7) 



At one loop and at zero temperature the Higgs-potential, 
involving all the field-dependent particle masses, reads 



flog 



647r2 



Af|(0) 3 



2 ) ' 
(B8) 



where ub = 1 and np — A are the number of degrees 
of freedom for scalars and fermions, respectively. The 
constants A and can be fixed by requiring that the one 
loop correction does not alter the value of the VEV, i.e. 

Kff(^^) = Oandi;>)=™L- 
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At finite temperature, there is additional one-loop con- 
tribution that is given for bosons and fermions, at suffi- 
ciently high temperatures, i.e. at M/T < 1.6, by 



Vf,T 



90 
647r2 



np 
647r2 



" 24 
A/2 

log ^2" - C& 



127r 



77r2r4 
720 



,f2 



log 



M 

2^2 



(B9) 



where Cb = 5.40 and c/ = 2.63. Moreover, one can correct 
the Higgs one-loop potential by adding to the loop all the 
ring diagrams. This can be achieved by replacing M'^ — > 
M'^{(j),T) in In general, M'^{(j),T) takes the form 

M\(j),T) = Af2(0) _|_ Q,j^2^ f-Qj. gQjj^g coefficient a that 

depends on the masses of W, Z and fermions. Setting 
this coefficient to zero compensates for the missing active 
parameter space which is a result of neglecting the low 
temperature expansion in our analysis. 

The field dependent mass can be found by redoing the 
steps that lead to (|B3I) and (|B6p after replacing v ^ (j), 
and expressing /ii, Ai, /ii,2,3 in terms of the Higgs masses 
computed at the VEV 



(BIO) 



where i — h,Go, G±, A, H, H±. Finally, the fermion and 
gauge bosons corrected masses read 



(Bll) 



Phase transition 



Substituting (IBIOP and (|Blip into (|B8| and (lB9|, we 
obtain 

V^total(<^,T) = ir4(T)04 + ir3(T)03 + ^T2{T)(f>^ , 



where 



2w2 



647r2 



6t;2 



24 



(5? + 35I) /2 



r4(r) 



64^"^'- 

^3 A T2 

^+64^rv" 



1.5 + C6 



47^2^4 




-1.5 + c/ 



r3(r) 



-U;2 , LOl 



8V2tt 

i 

+ 3V2[2gl + igl+gl)y']/4 

i 

+ 3{2gt + {gj+gir)/4, 



(B13) 



where the sum is over h, Go, G±, A, H, H±, and we have 
used the approximation mf{(j), T) « {jrih^ + 2m2) cfp' /2v'^ 
in Fs. The first order phase transition happens when 
the non-trivial minimum Vc{Tc) in the potential becomes 
degenerate with the minimum at the origin. Hence, (jB12p 
can be written as 



(B14) 



Comparing the coefficients in (|B12[) and (|B14p we obtain 

2r3(T,) 



Vc{Tc) 



3F4(r,) 

r4(r)we(r,)2 



(B15) 
(B16) 



(B12) from which we solve for Tc and Vc{Tc)- 
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